The metabolism of low density lipoprotein (LDL, beta lipoprotein) was studied in 10 normal individuals and 10 patients with familial type II hyperlipoproteinemia using purified radioiodinated LDL. Over 97% of the label was bound to the protein moiety of LDL and therefore the turnover data reflect the fate and distribution of LDL-apoprotein. Comparison of the metabolic behavior of biologically screened and unscreened labeled LDL preparations in dogs as well as the analysis of the urinary excretion of radioiodide derived from labeled LDL degradation in humans indicated that no significant denaturation resulted from the isolation, purification, and labeling techniques.
A B S T R A C T The metabolism of low density lipoprotein (LDL, beta lipoprotein) was studied in 10 normal individuals and 10 patients with familial type II hyperlipoproteinemia using purified radioiodinated LDL. Over 97% of the label was bound to the protein moiety of LDL and therefore the turnover data reflect the fate and distribution of LDL-apoprotein. Comparison of the metabolic behavior of biologically screened and utnscreened labeled LDL preparations in dogs as well as the analysis of the urinary excretion of radioiodide derived from labeled LDL degradation in humans indicated that no significant denaturation resulted from the isolation, purification, and labeling techniques.
The plasma concentration of LDL-cholesterol in nor-.mals was 105±21 mg/100 ml (mean +1 SD) in contrast to 254±47 mg/100 mg in patients with type II hyperlipoproteinemia; these values corresponded to LDL-apoprotein concentrations of 63±13 mg/100 ml and 153±(30 mg/100 ml, respectively. Despite these differences in concentration, the synthetic rate of LDL-apoprotein in both groups was not significantly different (14.43±1 .75 mg/kg per day in normals vs. 15 .01±1.71 mg/kg per day in type II) nor was there any difference in the fraction of the total exchangeable LDL which was in the intravascular space (68.4±4.3% vs. 73.3+5.2%). However, the fractional catabolic rate of LDL in normal individuals differed significantly from that of patients with type II hyperlipoproteinemia (0.462+0.077/day in normals vs. 0.237±0.044/day in type II) and correspondingly the biological half-life of LDL was significantly INTRODUCTION Familial type II hyperlipoproteinemia is a lipid transport disorder transmitted as an autosomal dominant and characterized by a marked elevation in the concentration of plasma low density (Sf 0-12, density 1.019 -1.063) beta lipoprotein (LDL) ,' hypercholesterolemia, xanthomatosis, and premature coronary atherosclerosis (2) .
The primary metabolic abnormalities responsible for the hyperlipoproteinemia and hypercholesterolemia in type II patients have not been elucidated. One possibility is that the abnormality in type II hyperlipoproteinemia involves a defect in the metabolism of LDL and more specifically that of the protein moiety of LDL rather than one of its lipid constituents (3) . To study this question we have performed, and now report on, metabolic studies with purified, radioiodinated plasma LDL in normal individuals and patients with type II hyperlipoproteinemia.
METHODS Patients
Normal patients. 10 normal patients (6 men and 4 women) were studied. Clinical data for these individuals 'Abbreviations used in this paper: FCR, fractional catabolic rate; LDL, low density lipoprotein; P, plasma; U, urinary.
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The Journal of Clinical Investigation Volume 51 1972 are summarized in Table I . Each patient had normal thyroid, hepatic, and renal function and normal glucose tolerance tests. None of the normal patients had a family history of hyperlipoproteinemia.
Type II patients. 10 patients with heterozygous familial type II hyperlipoproteinemia were studied (6 men and 4 women). Clinical data for these patients are summarized in Table II. The clinical diagnosis was established in all 10 by: (a) the presence of marked elevations of plasma LDL in the absence of clinical or chemical evidence of other disorders associated with secondary hyperbetalipoproteinemia (i.e., hypothyroidism, hepatic disease, nephrotic syndrome, or dysglobulinemia) (3), (b) the presence of at least one similarly affected first degree relative, and (c) the presence of characteristic tendon xanthomata.
All patients were studied on the metabolic wards of the Clinical Center of the National Heart and Lung Institute and were fed a balanced diet containing < 300 mg of cholesterol/day and a ratio of polyunsaturated to saturated fat of approximately 2.5/1 with 40% of the calories derived from fat, 40% from carbohydrate, and 20% from protein. Body weight, total plasma cholesterol, triglyceride, and LDLcholesterol concentrations were measured serially throughout each study period and remained constant. None of the patients or volunteers were taking medications during the period of study.
Preparation of LDL
LDL was prepared from plasma of type II patients and normals. Blood (150 ml) was collected in sterile, pyrogenfree plastic bags containing a 1%o solution of the disodium salt of ethylenediaminetetraacetic acid (EDTA) (15 ml).
The plasma was immediately separated by centrifugation at 4VC and its density adjusted to 1.019 g/ml by the addition of a solution of NaCl-KBr of density 1.085 g/ml. The plasma was then subjected to preparative ultracentrifugation for 12 hr at 40,000 rpm in a Spinco No. 40 rotor (Beckman Instruments, Inc., Fullerton, Calif.) after which the d < 1.019 g/ml (i.e., Sf > 12) supernate was removed by tube slicing. The infranate was then adjusted to a density of 1.063 g/ml by the addition of NaCl-KBr solution of density 1.35 g/ml and subjected to further ultracentrifuga- Each preparation of LDL used in turnover studies was demonstrated to be free of contaminating lipoproteins by immunoelectrophoresis in agarose gel employing specific antisera prepared against high density (alpha), low density (beta) lipoproteins, and very low density lipoprotein apoproteins (4). In addition, no other contaminating serum proteins were found using antisera reacting with albumin, gamma globulin, and whole human serum (4) .
Canine LDL was prepared in a similar fashion, except that the lipoprotein of d = 1.019 -1.050 was isolated to minimize contamination with HDL which, in the dog, is present in considerably greater amounts than LDL. In addition, tests of lipoprotein purity were conducted using antisera specific for canine plasma proteins and lipoproteins.
Radioiodination
Radiolabeling of LDL was carried out using a modification of the iodine monochloride method of McFarlane (5) . Purified LDL protein (10-40 mg) in a volume of 1.0-1.5 ml was labeled with carrier-free 'I at 4VC in 1.0 M glycine-NaOH buffer, pH 10. In vitro studies revealed that the efficiency of iodination, i.e. the fraction of the radioiodine in the reaction mixture which is bound to LDL, was maximal at pH 9.0-10.0, but the proportion of the label which was bound to lipid (rather than protein) was minimal at the higher pH (Fig. 1) . The efficiency of iodination at pH 10 was 10-25% and this resulted in the attachment of approximately 0.5 atoms of iodine to each LDL molecule (assuming a molecular weight for LDL of 2 X 101 (6, 7) of which 25% by weight is protein [8] (10) . The plates were dried, stained with anisaldehyde or iodine vapor, and the bands sequentially scraped and counted. The major portion of lipid-bound 12"I was associated with phospholipids, especially lecithin, with smaller amounts associated with free cholesterol, cholesterol ester, and glyceride.
The iodination procedure did not affect the electrophoretic behavior or immunologic reactivity of the LDL as demonstrated by simultaneous agarose-gel immunoelectrophoresis (4) and paper electrophoresis (11) of unlabeled and radiolabeled LDL. Furthermore, the paper electrophoretograms were scanned to localize small amounts of labeled proteins which did not migrate with LDL; in all cases, > 95% of the radioactivity was localized to the beta2 globulin band characteristic of native LDL.
Iodination did not affect the flotation characteristics of LDL. The 'I-LDL was mixed with human plasma from a normal fasting individual and ultracentrifuged at densities 1.006, 1.019, 1.063, and 1.21 g/ml (after addition of appropriate quantities of NaCl-KBr solution and solid KBr) to determine if gross alterations in flotation were produced by radioiodination. These studies demonstrated that > 98% of the radioactivity could be recovered between densities 1.019 and 1.063 g/ml.
Preparation of 125I-LDL for in vivo studies
Immediately after removal of unbound '5I by dialysis, sterile human albumin was added to the 'I-LDL preparations to minimize damage due to self-radiation. The preparation was then passed through a 0.45 mg Millipore filter (Millipore Corp., Bedford, Mass.) and tested for sterility and pyrogenicity before in vivo studies. Final dilutions of each preparation were made with buffered saline containing 0.1% EDTA; such dilutions contained 35 mg/ml of albumin and 10 gCi/ml of 'I-LDL. The 'I-LDL was usually considered ready for reinjection approximately 96 hr after the original plasma sample was obtained.
Study protocol
Metabolic studies in dogs. Mongrel dogs weighing approximately 20 kg were placed in metabolic cages with free access to food and water containing sodium iodide. To obtain 'I-LDL plasma decay curves, 25-50 gCi of 'I-LDL prepared as described above were administered intravenously to fasting animals and serial blood samples obtained from the opposite foreleg 10 min after injection and daily for 7-10 days thereafter. A series of "screening" experiments were conducted to detect the presence of denatured, rapidly degradable protein in the 'I-LDL preparations. In these experiments a first set of dogs was injected with 1-2 mCi of freshly prepared 1"I-LDL and then plasmapheresed approximately 24 hr later. During this period these animals clear and degrade any denatured material which is present in the preparation. The residual "biologically screened" '5I-LDL contained in the 24 hr plasma sample is then reinjected into a second set of dogs and plasma samples collected as in the usual study.
Metabolic studies in htlmans. Fasting, supine patients and normals were administered 25-50 /ACi of 1"I-LDL (approximately 1-2 mg of LDL apoprotein) intravenously from a calibrated syringe via a continuous saline infusion. Subsequently, 10-ml blood samples were collected in glass tubes containing EDTA at 10 min ("zero time"), 1, 4, 8, 12, 24, 36, 48, 60, and 72 hr and then daily for 14 days. The plasma was immediately separated at 4°C and portions removed for counting and total cholesterol determinations. 40-ml fasting samples were obtained on days 1, 3, 7, 10, and 14 and subjected to complete lipoprotein quantification (3). 24 hr urine specimens were collected in glass jars containing small amounts of KI, NaHSO3, and NaOH to minimize volatilization of 'I or its adsorption to glass. The patients received 1.0 g of KI daily by mouth in divided doses for 3 days before and throughout each study to inhibit uptake of radioiodine by the thyroid. Informed consent was obtained from each patient and normal volunteer.
Sample analysis 2-ml portions of the daily plasma samples and 5-ml portions from the 24-hr urine collections were counted along with appropriate standards in an automatic gamma-ray, well-type scintillation counter. In early studies, every plasma sample was precipitated with 10%o TCA to determine if nonprotein-bound 'I accounted for a significant proportion of radioactivity. In every case it was found that <3%o of the radioactivity consisted of nonprotein-bound iodide; hence in later studies this procedure was discontinued and it was assumed that total plasma radioactivity represented proteinbound 'I.
Each plasma sample was analyzed for total cholesterol content. In addition, larger samples were obtained during each study for a more complete lipid analysis including determination of triglycerides, high density, low density, and very low density lipoprotein cholesterol concentration using methods previously described (3) . In these studies, LDL of density 1.019-1.063 g/ml was isolated separately for lipid analysis. Portions of the larger samples were also subjected to ultracentrifugation at densities 1.006, 1.019, 1.063, and 1.21 g/ml to determine the flotation characteristics of the circulating 'I-LDL. Finally, a portion of the original purified, unlabeled LDL isolated from each subject was also analyzed for protein (12) , total cholesterol (13), triglyceride (14) , and phospholipid (15) .
Data analysis
The metabolic parameters governing the turnover of LDL were calculated by methods described by Matthews (16) and by Nosslin (17) for the analysis of plasma decay curves (Fig. 2, upper panel) .
The fractional catabolic rate (FCR) (the fraction of the intravascular LDL pool catabolized per day) was calculated using the expression: Fractional catabolic rate= 1/ (C1/b1 + C2/b2), where C. and b. are the y intercepts and slopes of the plasma radioactivity decay curve and its peeled expo- 
The plasma volume was calculated by isotopic dilution using the 10 min plasma sample on the assumption that during this interval the distribution of '5I-LDL was uniform and that insignificant amounts of labeled lipoprotein were catabolized or entered the extravascular compartment. The total intravascular LDL-cholesterol pool was computed from the product of the LDL-cholesterol concentration (the mean of five determinations of LDL-cholesterol concentration during each study) and the plasma volume. The intravascular LDL-apoprotein pool was then calculated from the product of the LDL-cholesterol pool and the ratio of LDLapoprotein/LDL-cholesterol which was measured for each subject. (This ratio was approximately 0.6).
The steady-state synthetic rate (or absolute catabolic rate) was then calculated as follows: synthetic rate = FCR X intravascular LDL-apoprotein. The synthetic rate was expressed as milligrams of apoprotein synthesized per day normalized for body weight (milligrams/kilogram per day).
In addition to the method described above for the calculation of the fractional catabolic rate (which relies solely on the plasma decay curve) an independent estimate of the FCR was obtained from the daily urinary radioactivity excretion using the metabolic clearance method of Berson and Yalow (18) . With this method, the clearance of 'I-LDL is calculated for each day of the study from the ratio of total urinary radioactivity excreted in each 24 hr period to the mean plasma radioactivity during that interval (Fig. 2,  lower plane) . This U/P ratio is an accurate estimate of the fractional catabolic rate provided the rate of iodide excretion is rapid compared to rate of LDL breakdown. 3 Mean plasma decay (die-away) curves for normal individuals (A) and patients with type II hyperlipoproteinemia (0). Shaded areas indicate 1 so on either side of mean. Since the fractional catabolic rate is equal to the reciprocal of the areas under these curves, it is clear that type II patients have a lower fractional catabolic rate than normal individuals.
RESULTS

Animal studies
Identical plasma decay curves were observed when 'I-LDL obtained from normal individuals and patients with type II hyperlipoproteinemia were injected into dogs, suggesting that there are no major structural differences in the LDL molecules from these two sources. On the other hand, canine LDL demonstrated a considerably slower rate of degradation than LDL from human sources. In this case the FCR was 0.0262 of the intravascular pool/hr (0.628/day) and the biological half-life was 38.5 hr.
Throughout each study in the dogs, greater than 95% of the plasma radioactivity could be reisolated between the densities 1.019 and 1.063 g/ml and less than 1% of the radioactivity was found in the density 1.21 g/ml infranate, indicating that, in the dog, the labeled LDL circulates as an intact lipoprotein and does not associate with or become converted to lipoproteins of other densities.
Human studies LDL metabolism in normal subjects (Table III) LDL metabolism in subjects with familial type II hyperlipoproteinemia (Table IV) (Figs. 3 and 4) 73 .3±5.2% (65.0-83.2%) of the total exchangeable LDL was in the intravascular space. The synthetic rate of LDL in type II patients was not significantly different from normal (P > 0.4), nor was the distribution of LDL among the body spaces (P > 0.05).
U/P ratios. In all studies the fractional catabolic rate obtained from the mean U/P ratio was in close agreement with the FCR calculated from the plasma decay curve (Tables III and IV ). The U/P ratio for the 1st day of each turnover study was always considerably lower than for succeeding days and this value was excluded from the calculations. This finding was attributed to the normal delay in iodide excretion after 'I-LDL catabolism. The U/P ratio for the remainder of each study was constant except for a few cases within the normal group when this parameter decreased slightly in the last few days of the study at a time when the total remaining plasma radioactivity was considerably less than 3% of the injected dose. This gradual decline in the U/P ratio was not seen in any study involving patients with type II hyperlip-oproteinemia including one study which was continued for an additional 7 days. It was concluded from the constancy of the U/P ratio that the 'OI-LDL molecules in each preparation had uniform metabolic behavior and that no significant amounts of rapidly degradable protein were present.
Flotation of plasma ...1-LDL. Throughout each study, greater than 95% of the circulating radioactivity was recovered by ultracentrifugation between densities 1.019 and 1.063 g/ml, with less than 1% in the 1.21 g/ml infranate. These data confirmed the in vitro and animal studies and provided evidence that LDL-apoprotein is not converted or incorporation into lipoproteins of other density classes, nor does it circulate in significant amounts as the free apoprotein at a density greater than 1.21 g/ml.
The metabolism of isologous .5I-LDL in patients with type II hyperlipoproteinemia. To determine if - the differences in the catabolism of LDL in normal individuals and patients with type II hyperlipoproteinemia resulted from inherent differences in the circulating LDL molecules, the turnover of 'I-LDL which had been isolated from a normal individual was studied in three subjects with type II disease who had previously received autologous 'I-LDL. No differences in metabolic behavior were noted between the autologous and isologous proteins. The FCR, biological half-life, and U/P ratios were virtually identical in each paired study.
DISCUSSION
In the present investigation, radioiodinated, purified low density lipoprotein (d = 1.019 -1.063 g/ml) was used to determine the behavior of LDL in normal individuals and patients with heterozygous familial type II hyperlipoproteinemia.
Studies of ..5I-LDL turnover in normal individuals. and women as reported by others (23, 24) . LDL has several singular metabolic features when compared with other plasma proteins. To begin with, although LDL is similar to other large serum proteins such as IgM and fibrinogen with regard to its distribution among the body compartments, the fractional catabolic rate of LDL is significantly greater than these proteins (25, 26) . This suggests that LDL may be acted upon by a unique catabolic mechanism not shared by other proteins, or more likely, that LDL is subject to a specific degradation mechanism which acts in addition to a more generalized catabolic mechanism. This hypothesis is supported by studies which indicate that LDL clearance and degradation are linked to bile acid and cholesterol metabolism and transport. In this regard, we have shown that the administration of cholestyramine results in an increase in the fractional catabolic rate of LDL of type II patients (27) . Since the action of cholestyramine is limited to the intraluminal binding of bile salts in the gastrointestinal tract, the effect of this perturbation on LDL metabolism would be mediated through changes in bile acid and/or cholesterol metabolism presumably occurring in the liver.
Another unusual attribute of LDL metabolism is the observation that, to a greater extent than other plasma proteins, the physiologic control of LDL concentration appears to be mediated via changes in catabolic rates rather than by alterations in synthetic rates (28) . Thus, the normal patient with the lowest LDL concentration had the highest fractional catabolic rate and, in general, the plasma LDL concentration was inversely proportional to the fractional catabolic rate (Fig. 5) . In contrast, the synthetic rate was not correlated with plasma LDL levels and was relatively constant. These observations are consonant with the finding that changes in dietary cholesterol and saturated fatty acid content exert their effect on LDL concentration in normal patients by changing the fractional catabolic rate of LDL whereas synthetic rates remain unchanged (27) . A similar relationship between LDL concentration and fractional catabolic rate is observed in patients with type II hyperlipoproteinemia, but in this case the entire range of LDL concentrations is shifted to a higher level (Fig. 5) the rate of protein synthesis. We therefore considered the possibility that the observed depression of FCR was a secondary metabolic phenomenon resulting from a primary change in synthetic rate or in the pool size of LDL. This hypothesis is made unlikely by the following considerations. In the first place, one cannot postulate that increased LDL synthesis led to an expanded LDL pool since the measured synthetic rates in hyperlipoproteinemic individuals are normal. In addition, it would be more reasonable to expect that the expansion of the LDL pool would be followed by a homeostatic increase in fractional catabolic rate so as to reestablish the original plasma protein concentration; this response is typical of the metabolic behavior of plasma IgG and to a lesser extent albumin when the pool sizes of these proteins are altered (30) . In the second place, recent observations suggest that the fractional catabolic rate of LDL is independent of pool size. Studies from our laboratory have demonstrated that the reduction of LDL synthesis and decrease in the plasma pool of LDL in normal and hyperlipoproteinemic subjects induced by nicotinic acid are not accompanied by changes in the fractional catabolic rate (31) . In addition, the fractional catabolic rate of LDL was normal in three individuals with familial hypobetalipoproteinemia who had synthetic rates and concentrations of LDL which were less than one-third of normal (32 Whereas cholesterol synthetic rates may be normal, the fractional rate of cholesterol degradation may be depressed in type II patients. Nestel, Whyte, and Goodman (39) , using the two-pool model for cholesterol metabolism of Goodman and Noble, have shown that the plasma cholesterol concentration was not related to the production rate or the amount of cholesterol in the two exchangeable pools in normal and hyperlipidemic individuals. However, they determined that the clearance of plasma cholesterol, expressed as a fraction of the total mass of cholesterol in the plasma, is depressed in hypercholesterolemic patients. This observation on cholesterol metabolism appears to parallel our own regarding LDL metabolism and could be the more fundamental abnormality. Thus, it may be argued that a defect in the transport and/or degradation of cholesterol (either cholesterol bound to circulating LDL or cholesterol in some other body compartment) is responsible for the decreased catabolism of plasma LDL in type II patients. Just as reasonably, however, a defect in plasma LDL catabolism may be primary to a similar defect in cholesterol metabolism. In point of fact, the available data do not allow any conclusion as to which phenomenon is cause and which is effect. 
